Summary. This 
Introduction
Pincus & Enzmann (1935) showed that mammalian oocytes, once removed from the precise environment of the follicle, can resume the first meiotic division spontaneously in simple culture media. For cattle, information on the meiotic process is needed to enhance the developmental potential of in-vitro matured oocytes, since one possible cause of developmental defects is the incompetence of oocytes from the smaller follices. If germinal vesicle arrest could be maintained in vitro, it would be possible to influence both the cytoplasm and the nucleus with hormones or granulosa cells before nuclear maturation.
Bovine oocytes are not as sensitive as oocytes from other animals studied to protein kinase stimulation via cAMP accumulation (Sirard & First, 1988) . Results obtained for cattle (Sirard & First, 1988) and sheep (Moor & Heslop, 1981) indicate that cAMP accumulation in the oocyte may not be the only physiological way to maintain the meiotic arrest in spite of the fact that bovine oocytes possess an active adenylate cyclase enzyme (Kuyt et ai, 1988) and respond tempor¬ arily to cAMP variations (Homa, 1988; Sirard & First, 1988) . The effect of isobutylmethylxanthine (IBMX) in cows is similar to the effect of cAMP analogues and results in a delayed breakdown of the germinal vesicle (GVBD) followed by normal maturation or a metaphase-I block (Ball et ai, 1984; Sirard & First, 1988) . If denuded oocytes are used, much greater amounts (5mM, 25 times) of IBMX are required to inhibit GVBD (Homa, 1988) . In the mouse, cAMP variations are modu¬ lated principally by phosphodiesterase inhibitors, and purines are therefore also effective inhibi¬ tors since their major effect is related to the inhibition of phosphodiesterase (Downs et ai, 1989) . Purines have a weak effect on the meiotic resumption of bovine oocytes (Sirard & First, 1988) and since bovine follicular fluid does not contain amounts of purines comparable to those in the mouse (Downs & Eppig, 1987; Downs, 1989) , it is doubtful that their role is similar in cows. Sato & Koide (1984) isolated a small peptide (Mr < 10 000) from bovine follicular fluid that was capable of inhibiting meiotic resumption of mouse oocytes in culture. This product has not been tested with bovine oocytes but bovine follicular fluid does have weak meiotic inhibitory properties in vitro (Sirard & First, 1988) . The culture of complete or hemi-sections of the follicular wall is a proven method to maintain meiotic blockage in vitro in the sheep (Moor & Trounson, 1977) , pig (Sato & Ishibashi, 1977) (Takahashi et ai, 1986) . To increase our understanding of the relation between bovine follicular fluid, granulosa cells, purines and cAMP accumulation, we have analysed the effects of co-culture of granulosa cell monolayers and bovine oocytes in vitro.
Materials and Methods
Recovery of oocytes. Cumulus-oocyte complexes were obtained by follicular aspiration of ovaries collected at the slaughterhouse from cows at different stages of their reproductive cycle. Ovaries were collected in the morning (1 h) and transported (1 h) to the laboratory in a saline solution 0-9% (w/v) NaCl maintained between 30 and 35°C (addi¬ tives: 100 000IU penicillin, 100 mg streptomycin and 250 µg amphotericin per litre: Sigma Chemical Co., St Louis, MO, USA). Only follicles between 2 and 5 mm in diameter were aspirated using a 10-ml syringe and an 18-gauge needle. The cumulus-oocyte complexes were recovered in less than 20 min from follicular exclusion and were selected as described by Leibfried & First (1979) , using unexpanded complete cumulus-surrounded oocytes. Contrary to previous publications (Sirard & First, 1988) , the oocytes (groups of 10-25) were not washed before culture, but transferred immediately with the minimal amount of follicular fluid to their final incubation medium.
Culture of oocytes. Cumulus-oocyte complexes were distributed to multi-well (24) plates (Corning, NY, USA) containing the culture medium (1 ml/well) with Hank's salts, glutamine, bicarbonate and supplemented with 10% fetal calf serum (Flow Laboratories, McLean, VA, USA) and gentamicin sulphate (50 pg/ml). Four treat¬ ments included additives and were used during culture to compare with control (1) medium; (2) isobutylmethyl¬ xanthine (IBMX, 0-2 mM), (3) adenosine (1 mM), (4) IBMX + adenosine and (5) heparin (100 pg/ml). All products were purchased from Sigma Chemical Co. In addition, 5 cell treatments were used for incubation in the 1-ml wells: (1) control (culture medium only), (2) medium plus 2 IO6 fresh granulosa cells, (3) Day-7 monolayers with their con¬ ditioned medium, (4) Day-7 monolayers with new medium, and (5) conditioned medium alone. These conditions were used to evaluate the effect of cell supplementation on the meiotic resumption. For each condition the different addi¬ tives mentioned above were used to evaluate their effect alone (controls without cells) or in combination with the cell treatments. Each individual combination was replicated at least 3 times with the proper controls for each replicate. The incubation lasted for 24 h at 38-5°C in a moisture-saturated atmosphere of 5% C02 in air.
Culture of granulosa cells. Bovine granulosa cells were obtained by disruption and aspiration of small follicles (2-5 mm diameter) with an 18-gauge needle followed by centrifugation (400 g, 10 min, 4°C). Subsequently, the cells were washed twice in 30 ml calcium-magnesium-free Hank's balanced salt solution containing antibiotics as described above (400 g, 10 min, 4°C). The final pellet was resuspended in 1 ml TCM-199 and cells counted with a haemo¬ cytometer. A total of 2 106 cells were transferred in each 1-ml culture medium in multi-wells. The plates were cultured at 38-5°C in an humidified incubator with 5% C02 in air. Culture media were renewed once after 48 h of culture to remove debris and then left for 5 days to produce the confluence monolayers and conditioned medium used in oocyte culture. (Waller & Kemp, 1976) .
Additionally, the significance of individual comparisons was evaluated by 2 tests (Snedecor & Cochran, 1980) .
Results
A total of 1630 selected cumulus-enclosed oocytes were fixed and analysed after the 24-h incubation period. The effects of different cell-culture conditions are illustrated in Fig. 1 . The treatment using supernatant medium after 7 days of culture was responsible for a significant diminution in the number of oocytes maturing to the metaphase-II stage compared to control, cultured cells plus new medium and fresh cells (P < 005). The treatment using cultured cells for 7 days and their own supernatant was significantly better than all other treatments with respect to the lowest fraction of mature oocytes (P < 005). In this experiment there was a rapid attachment of the cumulus-oocyte complexes to the monolayer; in less than 30 min after the start of the co-culture incubation, the cumulus-oocyte complexes were adhering to the monolayer strongly enough to remain at the same location if the surrounding medium was agitated. At the end of the incubation period the cumulusoocyte complexes in most treatments (except that with heparin) were so tightly adherent to the monolayers that the underlying granulosa cells were removed with the cumulus-oocyte complexes. indicates a difference compared to (a) and to control (P < 0-05).
The effects of the different additives are illustrated in Fig. 2 . Heparin or IBMX had no signifi¬ cant effect on meiotic resumption in vitro but adenosine and the combination of adenosine and IBMX significantly inhibited the in-vitro maturation (P<005). The effect of adenosine + IBMX cannot be described as additive since the effect when both products were used together was not different (P < 001) from that of adenosine alone but was different from that of IBMX alone.
Adenosine-containing treatments almost completely inhibited the cumulus expansion during the 
Discussion
The evidence presented in this study indicates that cultured bovine granulosa cells can modify the normal nuclear behaviour of bovine oocytes during in-vitro maturation. This action of cultured follicular cells can be partly transmitted through the conditioned culture medium, indicating a low concentration, a short half-life of the product involved or a limited permeability towards cumulusoocyte complexes. We did not evaluate in this study the extent or the nature of the junction between cultured cells and the cumulus-oocyte complexes with electron microscopy but studies in the rat indicate that granulosa cells can make gap junctions very rapidly with cells as different as mouse myocardial cells and that cAMP can be transferred, also rapidly, from one type of cell to another (Lawrence et ai, 1978) . Ultrastructural studies of cumulus-oocyte complexes in culture in the rat (Wert & Larsen, 1989) . The study of Wert & Larsen (1989) supports the hypothesis that the loss of gap junctions within the cumulus-oocyte complexes would be instrumental in isolating the oocyte from the regu¬ latory influence of its underlying membrana granulosa. When hamster oocytes were transferred to cultured complete follicles, the ability of oocytes to maintain the germinal vesicle depended on the extent of contact between the grafted oocyte and the membrana granulosa after 4 h (Racowsky & Baldwin, 1989) . The follicular fluid from cows or pigs, lymphocytes or fresh granulosa cells have only a weak inhibition of GVBD in cultured bovine oocytes (Leibfried & First, 1980) . Those results are in agreement with the ones presented here but do not confirm previous publications using pig follicular wall preparations and pig oocytes (Leibfried & First, 1980) . In addition, fresh bovine granulosa cells do not block meiotic resumption since they are used extensively in the in-vitro maturation systems of many authors studying developmental competence in bovine embryos (Lu et ai, 1987 ; reviewed by Sirard, 1989) .
In laboratory animals, modification of the amount of cAMP in the oocyte, using additives such as dibutyryl cAMP or phosphodiesterase inhibitors, is used to control GVBD (Dekel et ai, 1988; Downs et ai, 1989) . In cattle, a similar approach is not fully successful if the block is to be extended for a period as long as 21 h but indicates a possible co-factor role since a rise in cAMP will delay GVBD in bovine cumulus-oocyte complexes or denuded oocytes (Sirard & First, 1988) . Homa (1988) used denuded mass-harvested oocytes to evaluate the effects of forskolin, dibutyryl cAMP or IBMX, and cytogenetic analysis revealed that the time of GVBD was delayed compared to that in cumulus-enclosed oocytes (Sirard et ai, 1989) but much higher concentrations of cAMP, forskolin or IBMX were required. Homa (1988) also observed a metaphase-I block with cAMP accumulation. In the present study, the use of IBMX resulted in the highest level of meiotic inhibition when added to cultured cells or even with fresh cells, but the same product alone in the control medium was stimulatory rather than inhibitory (Fig. 2) . It is possible that, with the amount of IBMX used here (0-2 mM), the presence of excess granulosa cells was required for a maximal effect. There are at least 3 possible explanations of this effect: (1) the phosphodiesterase inhibition is working in additon to factors transmitted or produced in the oocyte to prevent GVBD; (2) IBMX is affecting directly the monolayer's ability to produce or transfer the inhibiting factor to the cumulus-oocyte complexes; or (3) the phosphodiesterase inhibitor enhances contact stimulation, allowing the normal mural granulosa cell signal to be received in the cumulus-oocyte complexes. Heparin, a sulphated glycosaminoglycan for which bovine granulosa cells have receptors, rep¬ resents a class of membrane protein important in cell-to-cell communication (Bellin et ai, 1987) . In this study, heparin did not enhance a possible contact stimulation and, in fact, interfered with the adhesion of cumulus-oocyte complexes to the monolayers and resulted in higher maturation rates than did other treatments (Table 1) . This could indicate a role for this type of glycosaminoglycan in the communication between the cumulus-oocyte complexes and the follicle since atretic follicles accumulate more sulphated glycosaminoglycan-like heparin compared to healthy follicles (Bellin & Ax, 1984) . Additional evidence comes from the fact that a follicular fluid component prevents gonadotrophin reversal of cAMP-dependent meiotic arrest in mouse oocytes (Downs & Eppig, 1985) .
In vivo, bovine granulosa cells are fully competent to maintain meiotic arrest in healthy follicles until the LH surge occurs. Freshly isolated granulosa cells from small follicles do not inhibit GVBD when co-incubated with cumulus-oocyte complexes (this study); bovine follicular fluid or the supernatant from cultured granulosa cells are weak inhibitors of GVBD (Sirard & First, 1988 ; present study). Bovine cumulus-oocyte complexes do attach rapidly to granulosa cells in monolayers and this association results in the highest rate of meiotic inhibition. This inhibitory effect can be further improved by IBMX which is inefficient alone. It is therefore likely that an intimate and functional contact between the mural granulosa cells and the cumulus-oocyte complexes is an important signal in itself to maintain meiotic arrest in cattle.
